Pedestrian dead reckoning (PDR) based on human gait locomotion is a promising solution for indoor location services, which independently determine the relative position of the user using multiple sensors. Most existing PDR methods assume that all sensors are mounted in a fixed position on the user's body while walking. However, it is inconvenient for a user to mount his/her mobile phone or additional sensor modules in a specific position on his/her body such as the torso. In this paper, we propose a new PDR method and a prototype system suitable for indoor navigation systems on a mobile phone. Our method determines the user's relative position even if the sensors' orientation relative to the user is not given and changes from moment to moment. Therefore, the user does not have to mount the mobile phone containing sensors on the body and can carry it in a natural way while walking, e.g., while swinging the arms. Detailed algorithms, implementation and experimental evaluation results are presented.
Introduction
The ability to locate the position of the user is an essential part of the pedestrian navigation system (PNS) on mobile phones. In an open environment, people locate their own current positions and use the GPS navigation system. However, GPS is disabled in indoor environments such as offices, subway stations, and shopping malls. Indoor positioning technology on mobile phones has great potential in developing a market for various services and applications whose availability is restricted to outdoors due to GPS today (e.g., navigation, communication [1] , [2] , augmented reality [3] , advertisement, logistics, health care monitoring, etc.) and is of special benefit to individual consumers.
Our ultimate goal is to develop a PNS on a mobile phone that is available in indoor environments, e.g., public spaces such as commercial complexes, huge stations in urban areas, etc.
Many studies have investigated indoor positioning technologies and some services based on an absolute positioning method using WiFi access points are available today. However, because of the initial and running costs of the infrastructure, it is used for limited purposes such as employee management. Another positioning approach, PDR, is a rel- ative positioning method that offers a promising solution. It uses sensors (e.g., accelerometer and gyroscope) and incrementally determines the user's current relative position without external infrastructures by deriving the characteristics of human gait locomotion such as the number of steps, step length, and direction. Recently, mobile phones with built-in motion sensors (e.g., SOLAR PHONE SH007 [4] , Xperia X10 [5] and iPhone [6] ) have been spreading widely throughout the world. These mobile phones are key devices for realizing a PDR without any extra sensors. However, most existing PDR methods force users to mount, attach, or wear sensors on a specific stable part of the body, e.g., the torso ankle, or head.
When a user is using a PNS while walking to a destination, he/she usually walks while watching the screen to confirm the direction or while swinging the mobile phone using his/her arm. Therefore, a PDR method should be able to estimate the position of the user even when the mobile phone is carried in such ways. In this paper, we present a new PDR method and a prototype system using an ordinary mobile phone, which is available even when the mobile phone is being grasped and swung by the user's arm. According to the experiment, our prototype system accurately estimated the user's position in real time.
Related Work
Previous studies regarding the indoor positioning method follow one of two approaches: absolute positioning or relative positioning.
Absolute positioning determines an absolute position of the user on a specific measurement system. Triangulation or trilateration using signal strength or time difference of arrival from access points is often used. Its positioning error is several centimeters to several meters and practical systems and services are available using WiFi access points [10] , [15] . However, the initial and running costs of the infrastructure increase in proportion to the coverage area of navigation. Furthermore, to gain sufficient accuracy, the layout of access points requires careful consideration and design. Therefore, absolute positioning is usually used for a specific purpose in a specific site, such as an employee management in an office and a commodity management in a warehouse. Other absolute positioning using RFID, Bluetooth, UWB, and ultrasonic sound [11] - [15] share the same problem.
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Relative positioning is called dead reckoning, which incrementally estimates the current relative position based upon a previously determined position, without any external infrastructures. The inertial navigation system (INS) is a typical relative positioning system using the inertial measurement unit (IMU), which consists of an accelerometer and gyroscope. It is based on the idea that the distance from the previous position and angular difference from a previous direction are obtained by the double integral of acceleration and the single integral of angular velocity, respectively. The INS is suitable for land vehicle navigation, but is not suitable for PNS because it causes significant error due to complicated human gait locomotion.
Positioning techniques based on human gait locomotion have been studied [16] - [25] . The current relative position of the user is calculated as movement in an estimated direction according to the step length estimated from the last position at each estimated step. The essential parameters, which are the number of steps, step length, and direction of walking, are estimated from cyclic characteristics derived from motion data measured by sensors such as an accelerometer, magnetometer, gyroscope, and so forth. However, most existing studies are based on the assumption that motion sensors are mounted in a specific position on the user's body to capture the characteristics of human gait locomotion that is as undistorted as possible. For example, Kourogi et al. proposed a PDR that estimates the direction of the user, walking speed and step length [16] . It uses an accelerometer, magnetometer, and gyroscope mounted on the torso. Beauregard proposed a PDR for police, fire fighters, rescue personnel, and military units [17] . The user has to equip headgear with sensors including GPS and an IMU. There are also several methods proposed using shoemounted sensors [18] , [19] . If we use these existing methods on a mobile phone with built-in motion sensors, we have to fix the mobile phone itself on our body, which is a less common way of carrying a mobile phone and consequently is considered inconvenient.
The study of PDR methods using sensors which are not mounted on the body has already commenced. Pombinho et al. targeted PDR using a mobile phone held in the user's hand, but did not describe the algorithm in detail [24] . Randell et al. evaluated PDR using sensors in a backpack, and reported that it was less accurate [20] . Steinhoff et al. proposed a PDR method using an IMU in the trouser pocket [25] . However, when a PNS guides a pedestrian while walking, other ways of carrying mobile phones remain. A positioning method should allow users to handle their mobile phones in their usual way.
Requirements and Scope
Our PDR system has the following requirements: 1) The target application is PNS in a public space. 2) No external infrastructures are required.
3) A built-in motion sensor (an accelerometer and a magnetometer) on an ordinary mobile phone is used. 4) The mobile phone is NOT mounted/attached/worn on the user's body. 5) All the calculations for the one footstep are completed within the gait cycle. 6) It works when users walk in the range of customary (free) walking speed [31] on a flat floor. Cui et al. reported that most people usually carry their mobile phones in their bags or pockets [26] . However, while a PNS is used to guide a pedestrian, the mobile phone is carried in different ways in order to allow glancing at it quickly. We conducted a brief interview survey on how users carry their mobile phone while using the existing PNS. Respondents numbered a total of 25 males and females. Each respondent chose one or more alternatives from among seven ways of carrying given as shown in Fig. 1 : Swing (swung by the arm), Hold (held in hand), Bag, Waist, Pocket (trouser), Pocket (breast), and Neck strap. As a result, Hold and Swing were dominant. Therefore, the PDR method must cover these ways of carrying a mobile phone. In this paper we focused on the top two situations which have not been managed yet.
There are two main reasons why most previous PDR methods assumed that sensors are mounted in a fixed orientation relative to the user's body.
• Stability of measurement. The number of steps is counted by detecting the peaks of acceleration in the same way as a typical pedometer and the orientation of a mobile phone with the sensors is found in the same way as an electronic compass [27] . If the mobile phone is not mounted, it is unable to accurately find them due to disturbances.
• Ease of direction estimation. The direction of the user is automatically calculated from the orientation of the mobile phone. If the mobile phone is not mounted, the direction of the user cannot be identified even if the orientation of the mobile phone is given, because how it is held by the user is unknown. We solved these problems by deriving the pendular motion of the acceleration and magnetic vector.
Implementation of PDR System on a Mobile Phone

Basics of PDR
The position of the user of step n + 1, p n+1 , is given by the following equation: 
where p = (x, y) is an absolute position, d is a displacement vector from the previous position, θ is the direction in which the user is heading, and l is step length. Therefore, n, l and θ are essential parameters for determining the position of the user. Note that the initial position of the user p 0 is assumed to be given in this paper.
Hardware
The hardware of the prototype system of PDR consists of a commercial mobile phone (CA002 [28], Casio Hitachi Mobile Communications Co., Ltd.) equipped with a 400 MHz CPU, and a sensor attachment that we developed. The sensor attachment is a 50 × 30 × 7.5 mm 3 small box, which has an off-the-shelf single package of an accelerometer and a magnetometer (AK8976A [29] , Asahi Kasei EMD Corporation), and is connected to the mobile phone via a serial cable to transfer measured data to the mobile phone. Figure 2 shows the hardware. We see that the entire system consists of the mobile phone and the sensor attachment as a single mobile phone with self-contained sensors.
Architecture
The PDR system we implemented is BREW [30]-4.0-compliant software. Figure 3 shows the system architecture. We configured the PDR system architecture including a preprocessing and four essential estimation blocks, arm swing detection, step count estimation, step length estimation, and direction estimation.
First, the coordinate transformation, offset adjustment, and smoothing are performed as a preprocessing for raw data. Then, arm swing detection determines whether the mobile phone is being swung in the user's arm. The step count and direction estimation blocks switch their parameters or algorithms according to the state of arm swing. Then, step count estimation is performed. The unit "step" is an important signal to update the current position of the user. When the mobile phone is swung by the user's arm, it is difficult to find the peaks of steps accurately in the acceleration waveform. We solved the problem by focusing on the motion of the magnetic vectors. After the steps are detected, direction and step length estimations are performed. To estimate the direction, we took advantage of an imaginary plane of acceleration vectors, which is generated by arm swing motion while walking. This tells us implicitly the walking direction. The step length estimation block estimates the step length of each step by linear approximation using the stature and steps per minute of the user.
Preprocessing
As a preprocessing, three conversions are performed for raw data: a coordinate transformation, applying an offset, and smoothing by a filter.
First, three-axis acceleration and the magnetic vectors are transformed from the original coordinate systems of each sensor into a uniform three-axis coordinate system (right-handed system) depending on the layout of the sensor. Then, each of their components is calibrated using predetermined offset parameters because usually measured raw data is offset due to the surrounding magnetic environment and the sensor's condition such as the temperature. These two conversions are represented by the following generalized equation:
where x is a three-axis vector of measured raw data, x is the converted one, M T is a transformation matrix from the original coordinate systems into the uniform coordinate system, and
T is an offset vector. The offset is determined beforehand by the raw data measured at several different orientations. When the sensor is rotated on the spot, the measured three-axis vectors are distributed near the surface of a sphere with the offset (o x , o y , o z ). The sphere with the offset is approximated using N samples of the observed vectors as follows:
where (x i , y i , z i ) are the components of x and r is the radius of the sphere. The least-square method is available to solve the equation. Finally, the data is passed through a low pass filter (LPF) to smoothen the waveform. We implemented a simple moving average as an LPF.
Arm Swing Detection
The accelerometer detects the gravitational acceleration indicating a vertically downward direction, i.e., normal to the Earth's surface. The magnetometer detects the Earth's magnetic field indicating north with a regionally specific declination angle and inclination angle (e.g., it is approximately 7 degrees easterly rotated from the geographic north and 49 degrees slanted off the horizontal in Tokyo, Japan [32]). When the user swings the mobile phone in the hand, Swing, the observed acceleration and magnetic vectors also swing explicitly like pendular. In the case of Hold, the detected vectors indicate an almost static direction. Therefore, the arm swing detection detects the angle of swing of the vectors to distinguish Hold and Swing.
The arm swing detection consists of the following steps 
Rather than using the acceleration vector, it uses the magnetic vector because the direction of the acceleration vector is easily distorted by disturbance whereas that of the magnetic vector is stable in the short term (sufficient time for the sampling interval). Figure 4 shows an example of actual distributions of the angular differences of magnetic vectors (as degrees to make it more visible) in the cases of Hold and Swing. They were collected in an experiment with a total of 12 subjects, 6 male and 6 female. Each subject walked in a 40 m straight line 16 times for both cases. The threshold Ψ T is determined as a boundary point where Mahalanobis distances from both distributions are equivalent, as follows:
where μ H and μ S are mean angular difference and σ H 2 and σ S 2 are variances of Hold and Swing. In Fig. 4 , Ψ T should be 0.9982 (i.e. approximately 3.4 degrees).
Step Count Estimation
The term "step" is defined as the interval between initial floor contacts by different limbs [31] . We estimate the number of steps. Figure 5 (left) shows a typical example of acceleration amplitude while walking. The upper, middle and lower sides of the figure show the data in the case of Waist, Hold and Swing, respectively. In the case of Waist, the acceleration waveform follows a sinusoidal curve (a-1). A typical pedometer easily counts the steps by counting the peaks of the waveform. In the case of Hold, the steps are counted in the same way because the waveform shows a similar tendency (b-1). In contrast, the acceleration in the case of Swing follows a distorted waveform (c-1). This is caused by the compounding of the acceleration by arm swing motion, whose cycle is double the step cycle. As a result, a typical peak counting method will not work well in the case of Swing.
Previously, we proposed the peak correction method for the step estimation [23] , but four thresholds must be harmonized appropriately to count the steps accurately.
In this paper we propose a new method with no threshold, which counts the steps by counting swing motions of the magnetic vector. The magnetic vector makes one round trip per every two steps. We count the swing motions by counting the local minimums (local maximums as cosine) of angular differences of magnetic vectors in the sampling interval. Figure 5 (right) shows an example of the angular differences of magnetic vectors while walking. It follows a sinusoidal curve in the case of Swing (c-2). The angular differences of the magnetic vectors are given in the same way as the arm swing detection. The difference of the angular differences of the magnetic vectors, Δψ i , is given by Δψ i = ψ i − ψ i−1 . The local maximum timing of ψ i (cosine) is detected when Δψ i inverts from positive to negative.
Direction Estimation
A mobile phone with both the sensors can find its own orientation and even the direction of the user as long as the sensors are mounted in a fixed orientation relative to the user's body. The electronic compass works on this principle.
In contrast, when a mobile phone with the sensors is carried in the hand, it is unable to accurately identify its own orientation because the measured acceleration vector deviates from the vertically downward direction due to disturbances. Moreover, the direction in which the mobile phone is heading does not always correspond to the direction in which the user is heading. That is why most previous PDR methods are limited in the ways of holding the mobile phone.
We focused on capturing the pendular motion of the acceleration vector generated while walking. The time series of the swinging acceleration vectors shapes the sector form imaginarily, which is called the acceleration plane. We approximate the forward direction of the user by the angle of the acceleration plane from the north based on the assumption that the direction of arm swing is parallel to the forward direction. Acceleration vectors in the case of Hold also show similar planar distribution because the trunk of the user repeats acceleration and deceleration in the vertical and progressional direction. The angle of the acceleration plane from the north is calculated by the angle between the acceleration plane and the north-south plane (called the base plane), as shown in Fig. 6 .
The direction estimation mainly consists of three steps: (1) the base plane acquisition, (2) the acceleration plane acquisition, and (3) the azimuth angle calculation.
(1) Base plane acquisition The base plane is represented as a vector indicating east (east vector) of its two normal vectors. The east vector E is perpendicular to both the gravity vector G and the magnetic vector M, thus it is given by cross product, E = G× M. G and M are approximated by the simple mean of acceleration vectors [33] and magnetic vectors respectively, which are measured within a time sufficiently long to the gait cycle. Generally the human gait cycle is approximately 0.5 seconds [31] ; therefore, it needs just 2 seconds of data (2 f s ).
Fig . 6 The acceleration plane and the base plane.
(2) Acceleration plane acquisition The acceleration plane is acquired by the least square method from acceleration vectors, and is represented as a vector indicating the right side of the user (right vector) of its two normal vectors. For the least square method, residuals need to be minimized on an axis that is the most approximate to the right side, called the tentative lateral axis. In the case of Hold, it is an axis whose variance is the minimum among the three axes. In the case of Swing, it is an axis that is the most approximate to a cross product vector of both edges of the swing motion of the acceleration vector. The edge of arm swing motion is an acceleration vector whose amplitude is locally minimal.
We describe a calculation example of acquiring the acceleration plane in the case where the tentative lateral axis is the Z-axis (if the X-or Y-axis is the tentative lateral axis, cyclic shift is required). When a normal vector of the acceleration plane, A LR , is given by A LR = (α, β, −1), the equation of the acceleration plane has the form z = αx + βy because A LR is a vector from the origin. Then, the sum of squares of errors ε is given by:
where a i = (x i , y i , z i ) is the observed acceleration vector. Now, α and β are calculated by the partial differential of the Eq. (7) as follows:
where
At this time, it is indefinite whether A LR is the right side or the left side of the user. It is identified by identifying the backside and foreside of the user, because they differ more clearly in their characteristics than right and left. In the case of Hold, the foreside is found based on the nature of the phase shift direction, i.e., the phase of the forward component always delays in comparison with the phase of the vertical component [16] . The vertical and anteroposterior components a G and a FB of the acceleration vector a are given by dot product: a G = a · G/|G| and a FB = a · A FB /|A FB | respectively, where A FB is an anteroposterior vector given by A FB = A LR × G. Figure 7 shows a typical example of a G and a FB . The phase shift direction is found based on the time differences of peaks of a G and a FB . Then, the right vector R is A LR inverted to the right side as necessary according to the foreside.
In the case of Swing, the backside and foreside of the acceleration plane are distinguished by focusing on the difference in the time interval between every two successive local minimum peaks of the acceleration amplitude. The acceleration vector swings from the foreside to the backside slightly faster than the opposite direction. Figure 8 shows the backside and foreside of the acceleration plane. The time interval of two successive peaks is given by Δt i = t i − t i−1 , and the difference of two successive time intervals is given by ΔΔt i = Δt i − Δt i−1 , where t i is the measured time of i-th acceleration vector a i . The foreside and backside vectors, F and B, are given by the condition of ΔΔt i as follows:
Then, the right vector R is A LR inverted to the right side as necessary, according to a cross product vector B × F. Note that B × F itself roughly indicates the right side but it is less accurate compared with A LR . (3) Azimuth angle calculation The direction of the user is a clockwise angle from the east vector E to the right vector R (Fig. 6) . The angle between E and R, ϕ [rad], is given by ϕ = arccos(E · R/|E||R|). Then, the direction θ [rad] is given by the dot product of the gravity vector G and a cross product vector E × R, as follows:
Finally, θ is adjusted based on the declination angle of the Earth's magnetic field, which is provided by Geospatial Information Authority of Japan [32].
We conducted a preliminary test to compare the accuracy of our method to that of the previous PCA-based method [16] , [25] using the actual data for walking. We have a total of 8 subjects, 4 male and 4 female, who walked an eight-way (0
• , in units of 45
• ) straight course. The length of each path of the course was approximately 40 m. Figure 9 shows the resultant cumulative relative frequency of the absolute error of estimated direction (0 • -180 • ). In the case of Hold, the accuracy of our method was as well or slightly better than PCA-based method. In the case of Swing, the accuracy of the PCA-based method was notably reduced. These errors were mainly occurred at both ends of the curve (0
• -30
• and 150
• -180 • ). This means that the forward and vertical components of the acceleration were distorted due to the arm swing motion and therefore it sometimes mistook backside for foreside and vice versa. In contrast, our method showed high accuracy which is almost equal to that of Hold. Moreover, our method for Swing shares most of the logic with that for Hold, hence the implementation can be simplified.
Step Length Estimation
Step length varies according to many factors, such as age, gender, stature, gradient, shoes, etc [25] , [31] .
Previously, we proposed a step length estimation method [23] that estimates step length as the resolution of several qualitative classes (e.g., short, normal and long) using machine learning, but it requires actual numerical step length corresponding to each class. It is impractical for the PNS to ask the user to input his/her step lengths of several walking speeds for a calibration.
The relationship between step length and stature has been studied [31] , but changes of the step length cannot be followed based on the stature alone. A human changes walking speed by controlling both the step length and the cadence (steps per minute) in the range of customary (free) walking speed. Hence there is a linear relationship between the step length and the cadence [34] , [35] . We conducted a preliminary experiment to collect cadence and step length data. A total of 16 subjects, 8 male and 8 female, walked in a 200 m straight line at different walking speeds (normal, slow and fast). Figure 10 shows the results, which indicate the linearity between cadence and step length.
We applied a simple linear approximation technique for the numerical step length estimation. The step length is given by the following equation:
where l is step length, c is cadence, h is the stature of the user, and r c , r h and b are coefficients. h and c give the user's step length basis and capability to follow walking speed, respectively. These coefficients can be trained by multi- regression analysis.
We tested the estimation method using the 16 subjects' data described above. Each subject's step lengths were estimated using his/her own stature and cadence, and the coefficients trained by the other subjects' data. We compared the estimation method with single-regression analysis of the stature (i.e., certain specific length with respect to each subject) and that of the cadence. Figure 11 shows the mean absolute errors. The method using both the stature and the cadence marked the best performance.
Experiments and Results
Computation Load
We measured the computation times of four essential components. A subject walked for 50 steps four times for Hold and Swing. Table 1 shows the mean computation times. The prototype system completed the calculation within sufficiently short time to the gait cycle. The time of the direction estimation in the case of Hold was longer than that of Swing due to the variance calculation for finding the tentative lateral axis.
Estimation Accuracy
We evaluated the prototype system in a 550 m round course in Shinjuku Gyoen National Garden [36] , Tokyo, Japan. The reason why the experiments were conducted on outdoor environment is to eliminate location-dependent magnetic anomalies and evaluate potential performance of our method in the ideal condition. The course was almost flat. A total of 10 subjects, 5 male and 5 female, participated in the experiment. Each subject walked the course with the prototype system twice for both Hold and Swing. The prototype system estimates the position of the user and dumps the estimation log file in real time. Figure 12 shows an example of the screen of the mobile phone in the experiment. The coefficients of step length estimation for each subject were predetermined using the other subjects' data. We evaluated the estimation log files. Figures 13 and 14 show the estimated trajectories of Hold and Swing. Each subject walked counterclockwise from the upper center or the lower right of the trajectory. Tables 2 and 3 show the evaluation results in detail. Form (%) stands for the accuracy whereby the ways of holding mobile phones were correctly identified.
Step (%), step length (%) and distance (%) represent the estimated values in proportion to the actual values. Mean absolute dir error (deg.) stands for the mean absolute error of estimated direction (0
• -180 • ). Mean position error (%) was given by the distance between the actual and estimated position in proportion to the distance traveled to the actual position from the origin.
In the case of Hold, we can identify the correspondence between the major corners of the actual and estimated trajectories of each subject. In particular, the result of subjects M3, M5 and W2 were approximately equivalent to the actual ones, whose position errors were less than 10%. In detail, the arm swing detection method recognized Hold with approximately 100% accuracy. The numbers of steps were over 98% accurate in most cases. The step lengths showed approximately 99% accuracy on average, whereas slight overs and shorts were included, particularly W5 and M1. The estimated step lengths of W5 were slightly long in response to her brisk walk. The estimated step lengths of M1 were slightly short because his actual step length was long for his stature. Therefore, they did not fit our step length model exceptionally. The position errors of W5 were comparatively high due to both the step length errors and the directional errors, whereas position errors of most other subjects were less than 15%.
In the case of Swing, the shapes of the trajectories look almost similar to the actual ones. In particular, the trajectories of M1, M2 and W3 were accurate. The mean position errors were 10% levels in most cases. The arm swing detection accuracies were approximately 99%, a decreased very slightly from the case of Hold. These detection errors concentrated at the beginning and ending of the walk where the arm swing motions were weaker. The step counts were approximately 99% accurate. The step length accuracies varied between approximately 95-105% as with the case of Hold. The estimated step lengths of W2 were slightly short in contrast to the case of Hold. She increased the step length approximately by 8 cm and walked faster but did not change the cadence. The directional errors were around 10 degrees, which was more stable than the case of Hold. The trajectories of W1 and W5 showed deformations, which were probably caused by the estimation errors of the gravity vectors. 
Conclusion
This paper presents a new PDR method and its prototype system suitable for mobile phones with built-in motion sensors. The main contribution of this paper is to remove the restriction related to body-mounted attachment of sensors and to provide free style holding of a mobile phone while using a PNS. The experimental results using the prototype system on the mobile phones demonstrate that our system shows promising accuracy as a PDR method online. To realize a practical indoor PNS, several other elemental technologies are required. Obtaining the absolute position of the initial position of the user, extending the method to use gyroscopes to avoid magnetic anomalies and further evaluations especially in indoor environments are future work.
